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Outer membraneVDAC is now universally accepted as the channel in the mitochondrial outer membrane responsible for me-
tabolite ﬂux in and out of mitochondria. Its discovery occurred over two independent lines of investigation in
the 1970s and 80s. This retrospective article describes the history of VDAC's discovery and how these lines
merged in a collaboration by the authors. The article was written to give the reader a sense of the role played
by laboratory environment, personalities, and serendipity in the discovery of the molecular basis for the un-
usual permeability properties of the mitochondrial outer membrane. This article is part of a Special Issue en-
titled: VDAC structure, function, and regulation of mitochondrial metabolism.
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The basic permeability properties of the mitochondrial outer
membrane were determined in 1957 [1]. Werkheiser and Bartley
showed that the outer membrane is permeable to small molecules,
and for two decades it was generally assumed that the outer mem-
brane is “leaky”. The leakiness of the outer membrane allowed mito-
chondrial researchers to largely ignore this membrane in favor of the
inner membrane. The discovery of the fundamental basis for oxida-
tive phosphorylation and the establishment of the Chemiosmotic Hy-
pothesis [2], a remarkable triumph that transformed the study of
membrane transport and energy transduction, all took place with lit-
tle or no consideration of the role of the outer membrane. At the same
time, biochemists were rediscovering the structure of membranes, atructure, function, and regula-
+1 301 314 9358.
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l rights reserved.structure that physiologists like Cole and Curtis and Hodgkin and
Huxley largely understood thanks to the pioneering work of Gorter
and Gendel [3] and Davson and Danielli [4]. The Fluid Mosaic Model
[5] became generally accepted by the mid '70s. An understanding
of the fundamental barrier function of this 2-dimensional ﬂuid
was established1 when Alan Finkelstein demonstrated that non-
electrolytes permeate by a solubility-diffusion mechanism [6]. De-
spite these advances, the notion of a “leaky” mitochondrial outer
membrane persisted through the '70s, although it was unclear
whether its leakiness was due to damage incurred during mitochon-
drial isolation or to a “remarkable” structural property [7]. Strong ev-
idence that there was, in fact, a structural basis for the mitochondrialed that plasma membrane permeability functions by a lipoidal sieve mechanism. How-
ever, Dr. Finkelstein clearly demonstrated experimentally that the permeability of the
lipid bilayer portion of membranes is determined by solubility diffusion of the solute.
The size of the solute is irrelevant except as it affects the diffusion constant. This fun-
damental understanding is still not fully appreciated by many students and researchers
alike.
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would soon follow.
The discovery of channels in the outer membrane of mitochondria
occurred in two independent ways: electron microscopic observa-
tions and electrophysiological measurements. The relatively small
size of the VDAC channel would have made it difﬁcult to visualize in
electron micrographs were it not for its propensity to form distinc-
tive, close-packed arrays in the outer membrane of plant mitochon-
dria [8]. The reason for the large number of VDAC channels in
mitochondria from plants is still unclear. At the time some suspected
that the densely packed, negative-stain-ﬁlled “pits” seen by EMmight
be an artifact of lipid phase separation, induced by drying the mem-
branes in the heavy-metal stains used for contrast. However, this
was later shown not to be the case and the negative-stain-ﬁlled
“pits” in the outer membrane were, in fact, proven to be pores formed
by VDAC. The identiﬁcation of the functional VDAC channel had an
even more circuitous origin. This retrospective article tells the story
of how these two lines of investigation originated independently
and rapidly converged. These were ﬁrmly connected by the use of
polyclonal antibodies that both labeled the channels in mitochondrial
outer membranes and interfered with VDAC channel reconstitution
[9].
2. The discovery and naming of the VDAC channel…
Marco Colombini
The existence of channels in membranes was hypothesized well
before single-channel recordings were made. The recording of cur-
rents across the plasma membrane of cells by impaling a cell with a
microelectrode, succeeded in recording the behavior of populations
of channels. It was not until the formation of planar membranes by
Mueller and co-workers [10] that single channels were recorded.
However, these single channels were not the channels typically
found in membranes. They were channel-forming antibiotics that
could be reconstituted into the planar membranes. VDAC was the
ﬁrst intrinsic membrane channel reconstituted and studied at the
single-channel level [11]. Some time thereafter, the patch-clamp
technique [12] allowed almost routine recording of single channels.
The discovery of the VDAC channel was the result of a failed at-
tempt to reconstitute a voltage-gated calcium channel from Parame-
cium aurelia. Stan Schein, then an MD-PhD student at the Albert
Einstein College of Medicine, had generated mutant Paramecia with
altered behavior that was likely the result of mutant calcium channels
[13]. He hoped to reconstitute the normal and then the mutant calci-
um channels and asked me to collaborate on the effort. I was then a
postdoc in Alan Finkelstein's laboratory. The Finkelstein lab focused
on the study of channel-forming antibiotics and used the recently-
developed planar membrane systems. As a new postdoc, ﬁrst to
study Na+-coupled amino-acid transport in membrane vesicles [14],
I naively thought, based on questionable reports in the literature,
that reconstitution of these transporters into planar membranes was
a proven possibility. Lack of success in this effort and a meeting
with Stan resulted in the collaboration.
The environment in the Finkelstein lab was an unusual combina-
tion of rigorous science and the freedom to explore the unexplored,
no matter how wild and improbable. It was a terriﬁc environment
in which to make discoveries. Taking our cue from the pioneering
work of Efraim Racker [15], we sonicated Paramecium membranes
with an excess of asolectin, a mixture of soybean phospholipids in
which mitochondrial redox complexes work rather well. To attempt
reconstitution of channels, we used the monolayer method of Montal
and Mueller [16] to make planar membranes. In order to make the
starting monolayers containing the proteins, we lyophilized the son-
icated mixture and then dispersed it into hexane. We reasoned that
completely hydrophobic hydrocarbons would be mild and not dena-
turing, and the proteins and lipids ought to form inverted micellarstructures in the hydrocarbon. After layering the dispersion on the
aqueous surface and allowing the hexane to evaporate, membranes
were formed from the resulting monolayers.
Almost right away we noticed something unusual in the conduct-
ing membrane. There was a conductance that depended on the ap-
plied voltage. There was a single discrete change in conductance
over and above the unidentiﬁed background conductance (Fig. 1A).
We observed with fascination this voltage-dependent transition, try-
ing to understand the underlying logic. All this activity was being
recorded on chart paper and soon the paper ran out. Not having a
spare roll, we turned the paper around and rolled it back on the
spool so that we could continue to record in the back of the paper.
The membrane lasted a long time but ﬁnally broke. When we tried
to repeat the experiment the next day, we could not form a stable
membrane. The excitement of the previous day transformed into
frustration. We soon suspected that contaminating protein might be
the problem and took apart the chamber for a thorough cleaning.
When we ﬁnally were able to make membranes reasonably consis-
tently, from time to time we observed this single voltage-dependent
conducting channel. The obvious question: What was this channel?
Was it the calcium channel? Since it was voltage-gated, it must be in-
volved in the excitable behavior of Paramecium… or so we thought.
To determine if the characteristics of the channel were consistent
with a calcium channel, we made a membrane in the presence of a
10-fold gradient of KCl. This experiment produced both excitement
and initial disappointment. Rather than observing one lonely channel,
dozens of identically-behaving channels were present in the mem-
brane. The voltage dependence caused a staircase of channel opening
and closures as the applied voltage was ramped from −60 mV to
+60 mV. This was not some strange artifact! Instead, we were ob-
serving a set of single channels responsible for a voltage-gated con-
ductance. The hypothesis that voltage-gating was the result of
voltage altering the probability of individual channels opening and
closing was evident. Previous results with EIM (excitability-inducing
material) had shown similar results [17], but the difference was that
we were studying a channel from the membranes of Paramecia, not
a contaminant from a sample of ovalbumin. If it wasn't for the acci-
dental discovery that the salt gradient greatly favored channel inser-
tion, this line of research would likely have stopped. Observing many
identical channels all gating with the same properties, demanded our
complete dedication.
The disappointing aspect of these experiments came from our
measurement of the reversal potential of the channels, which showed
that they favored anions over cations. This selectivity was unexpect-
ed, since the transformative and pioneering work of Hodgkin and
Huxley [18] showed that electrical excitability arose from the
voltage-gated conductance of cations, primarily Na+ and K+, and of
course, we were hoping and expecting to ﬁnd channels that ﬂuxed
Ca++.
Moreover, further experiments in the presence of a CaCl2 gradient
showed clearly that the channels greatly favored chloride over calci-
um (Fig. 1 B, C). These were not calcium channels! What were
they?Where did they come from?We therefore fractionated Parame-
cia and tried to reconstitute channels from each membrane fraction.
We found that the channel-forming activity came frommitochondria.
This was a shock! Peter Mitchell's Chemiosmotic Hypothesis required
that the mitochondrial inner membrane be a barrier to the free ﬂow
of ions, especially protons, so as to maintain the proton motive
force. Thus the presence of channels in that membrane seemed un-
likely. Yet, since the channels closed with voltage more negative
than −40 mV, perhaps these were normally closed. Certainly, since
the outer membrane is leaky, these channels would serve no function
in that membrane.
In writing the ﬁrst paper on these channels, we needed to come up
with a name. We were inﬂuenced to use an acronym by the wonder-
ful papers on EIM [17]. We wanted to include the critical features of
Fig. 1. Early electrophysiological records of VDAC channels from Paramecium. Parame-
cium membranes were sonicated with a 20 fold mass excess of asolectin (soybean
phospholipids), freeze-dried and suspended in hexane prior to layering on the surface
of aqueous solutions to form monolayers and then planar bilayer membranes. The am-
pliﬁer used inverted the current so that downward current is positive, downward tran-
sitions are channel openings and upward, channel closings. A. A segment of a current
record taken on April 24, 1975, the ﬁrst experiment performed with VDAC channels.
The single-channel ﬂuctuations were recorded under an applied potential of 50 mV
in the presence of 0.1 M KCl in the aqueous solution. B. Recording (May 25th, 1975)
of the voltage dependence of VDAC channels in the presence of a CaCl2 gradient
(80 mM CaCl2 vs 20 mM CaCl2), the pH maintained at 7.5 with 1 mM Tris buffer. The
voltage was changed linearly between +70 and −70 mV. Some of the values are
recorded in pencil. There are 6 VDAC channels in the membrane closing around
−20 mV. C. The same membrane as in (B) but later in the experiment after more chan-
nels had inserted. The voltage was changed linearly between +40 and −40 mV (the
voltage values are indicated on top). Channel closure resulted in a remarkable region
of negative slope conductance. By extrapolating the current lines back to their inter-
cept, the reversal potential of the voltage-dependent portion of the conductance was
obtained. The positive reversal potential on the high Ca2+ ion side demonstrated
that the channels were highly selective for Cl− over Ca2+.
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age Sensitive Anion Channel, VSAC, but it sounded too militaristic. We
agreed upon VDAC (Voltage Dependent Anion Channel). We decided
on ﬁrst authorship by ﬂipping a coin.
In thinking about a possible role for VDAC, we turned to the fact
that brown fat mitochondria were naturally uncoupled, reportedly
due to an anion permeability, perhaps due to the presence of VDAC
channels. We wondered if brown fat mitochondria might have lost
their voltage-dependent closure. By then we had reconstituted virtu-
ally identical channels from rat liver mitochondria. We therefore
housed rats in a cold room to activate their brown fat, but we found
that channels reconstituted from brown fat mitochondria had proper-
ties identical to those from rat liver mitochondria.A further blow to the notion that VDAC played a role in the inner
membrane was the discovery that channels inserted spontaneously
into an unmodiﬁed planar membrane when a small amount of
detergent-solubilized mitochondrial protein was stirred into the aque-
ous solution. In these experiments, we found that channel closure
resulted in transition into a lower conducting state rather than the
total loss of conductance. In addition, the closed state favored cations.
Clearly, this closed-state conductance would be incompatible with
maintaining the proton motive force. Finally, experiments that separat-
ed outer from inner mitochondrial membrane showed that VDAC was
located in the outer membrane [11]. Finally it became clear that VDAC
must be the reason why the outer membrane is leaky. In the 1979 Na-
ture paper [19] I proposed for the ﬁrst time that the permeability of
the outer membrane functionally described by Werkheiser and Barley
was due to the presence of VDAC channels. Although strongly sugges-
tive, ﬁrmly linking these channels to the arrays in the outer membrane
described by Parsons, Bonner and Mannella would require another
5 years and a collaboration with Carmen Mannella.
While these investigations were occurring, Hiroshi Nikaido and
others were studying channels in the outer membrane of bacteria,
channels collectively referred to as porins. Nikaido speculated that sim-
ilar channelsmight exist inmitochondria. A year after the publication of
the Nature paper [19] proposing that VDAC could be responsible for the
permeability of the mitochondrial outer membrane, Zalman, Nikaido
and Kagawa [20] published a paper in JBC reporting that the outer
membrane contained “non-speciﬁc diffusion channels”. This paper is
the origin of the term “mitochondrial porin” and the notion that these
channels are non-speciﬁc. Certainly fromwhat they knew, the channels
seemed to be non-speciﬁc. Only later did it become clear that VDAC
channels show a high degree of speciﬁcity although only for anionic
molecules large enough to feel the distribution of electrical potential
along the inner surface of the VDAC channel [21].
Whether VDAC channels are related to the “porins” is still unclear.
Equating the mitochondrial outer membrane to the outer membrane
of gram negative bacteria is attractive. Alternatively, the mitochondri-
al outer membrane is sometimes considered related to the endoplas-
mic reticulum and might have derived from an endosome-like
membrane that engulfed the original endosymbiotic bacterium that
evolved into the mitochondrion. Thus, arguments based on biological
origins are not very useful. Once sequences became available, essen-
tially no homology was found between bacterial porins and VDACs.
This was an equally equivocal result, given the 1.5 billion years
since the endosymbiotic event from which the ﬁrst eukaryotes
derived.
3. Seeing is believing: the hunt for VDAC using electronmicroscopy…
Carmen Mannella
The ﬁrst negative-stain electron microscopy (EM) studies of plant
mitochondrial membranes, showing densely packed stain-ﬁlled sub-
units, resulted from a collaboration that included Walter Bonner, at
the Johnson Foundation (JF) of the University of Pennsylvania, and
Donald Parsons, then at the University of Toronto [8]. In 1965 they
speculated that the 2–3 nmwide “pits”, not seen in animal mitochon-
drial outer membranes, were pores that might explain the unique
ability of plant mitochondria to respire with externally added
NADH, reasoning the outer membrane would otherwise be a perme-
ability barrier to the relatively large dinucleotide. Only later was it de-
termined that this property of plant mitochondria was due a novel
NADH dehydrogenase on the inner membrane facing the inter-
membrane space [22].
I would meet Parsons in the '70s after he moved to the Roswell
Park Cancer Institute in Buffalo. I met Bonner in 1969 when I arrived
at the JF as a graduate student in biophysics. He was a plant physiol-
ogist equally famous for his good humor and for his studies of plant
cyanide-insensitive alternative oxidase. His laboratory at the JF was
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with plants and (usually but not exclusively) their mitochondria. Co-
incidentally, another JF graduate student at the time was Mauricio
Montal who, after completing his thesis research with Britton Chance,
would develop (with P. Mueller) the bilayer technique [16] that en-
abled the electrophysiological studies of VDAC undertaken at Einstein
in the mid '70s.
Members of the Bonner lab bonded through several communal rit-
uals. Therewas the daily rite of picking and cuttingmung beans or peel-
ing and slicing potatoes for that day's mitochondrial prep.
(Mitochondrial yields from plant vs. animal tissue, gram for gram, are
depressingly low.) In the early spring, we could be found slogging
with the boss through half-frozen swamps in the Pennsylvania country-
side, harvesting or sticking thermocouples into skunk cabbages. The
prize: to capture (on portable chart recorders) the record for highest
temperature differential between a plant (heated by mitochondrial al-
ternative oxidase) and its snow-coated environs. I had the good fortune
to arrive in the Bonner lab around the same time as a French postdoc
with an extraordinary talent for lipid biochemistry and cell fraction-
ation.While in the Bonner lab, RolandDouce determined how to isolate
truly pure fractions of plant mitochondria by sucrose gradient centrifu-
gation. Starting from these ultra clean mitochondria, we worked out
how to isolate the component membranes by controlled hypo-
osmotic lysis of the outer membrane, carefully monitored by cyto-
chrome c release, and gradient puriﬁcation [22]. Under his and Bonner's
tutelage, I proceeded to characterize pure mitochondrial outer mem-
branes biochemically and structurally for my thesis.
Two aspects of my PhD research related directly to the VDAC story.
First, SDS-PAGE of the mitochondrial outer membranes (done in the
lab of Nam-Hai Chua at Rockefeller University) showed that more
than 50% of the protein mass of the membrane was associated with
a single ~30 kD peak that was unusually resistant to trypsin, which I
imaginatively named Band I [23]. Later western analysis would
show Band I to be VDAC. The preponderance of a single protein in
this membrane could explain the presence of the arrays easily
detected by EM, analogous to those of connexin complexes in gap
junction plaques and of acetylcholine receptors in Torpedo synaptic
membranes. Second, x-ray scattering from hydrated outer mem-
branes (done in the lab of Kent Blasie at Penn), oriented by ultracen-
trifugation into multi-lamellar stacks, displayed strong off-axial,
equatorial maxima characteristic of prominent in-plane subunit
structure [24]. Patterson function analysis of this diffraction was con-
sistent with an average in-plane spacing between subunits of 65 Å,
consistent with the packing of the pore-like subunits ﬁrst seen in
electron micrographs by Parsons and Bonner years earlier. Naturally,
I speculated in my thesis that Band I was an integral membrane pro-
tein responsible for the pore-like substructure of the mitochondrial
outer membrane.
After ﬁnishing my PhD in 1974, I moved on to other things, includ-
ing a postdoctoral position at St. Louis University to learn mitochon-
drial molecular biology with Alan Lambowitz, another postdoc from
the Bonner lab. Lambowitz's favorite model system was Neurospora
crassa, which we jokingly considered a plant without chloroplasts,
since it had an inducible alternative oxidase and a vacuole. My stay
in St. Louis was an intense two years of discovery, including charac-
terization of spontaneous mitochondrial DNA deletion mutations
and heteroplasmy (since associated with aging and disease in
humans), and RNA splicing in ribosomal RNA. From the perspective
of the VDAC story-line, however, the important event was simply
my learning how to grow and isolate mitochondria from N. crassa.
In 1979 I accepted a position at the New York State Department of
Health's Division of Laboratories and Research (now the Wadsworth
Center) in Albany, NY, where Donald Parsons had established a
high-voltage electron microscopy (HVEM) laboratory. I had postdoc'd
with Parsons at Roswell Park after graduate school and welcomed the
chance to start a membrane structure lab. Among the other youngscientists in the HVEM groupwas Joachim Frank, an expert in electron
optics who was creating a modular software system (SPIDER) for
electron microscopic image processing — a system now used world-
wide in scores of labs. Since Parsons and I both had an interest in mi-
tochondria, it was natural to use them as test objects for EM
techniques being developed by the HVEM group, such as dark-ﬁeld
imaging. Since I had just come from an N. crassa lab, and to my knowl-
edge no one had yet looked at their outer membranes by EM, that is
where I began.
Using a variety of negative stain conditions, I recorded hundreds
of images of fungal outer membranes, isolated with a protocol slightly
modiﬁed from that developed for plant mitochondria. Fungal mito-
chondria required a larger hypo-osmotic shock to lyse and detach
their outer membranes. At ﬁrst, I did not see what I was hoping for:
membrane surfaces packed with pores like those of plant mitochon-
dria. This despite the fact that SDS PAGE indicated an even higher
fraction (~70%) of the 30 kD “Band I” protein in N. crassa outer mito-
chondrial membranes than in the plant membranes. Marco Colombini
had just published his 1979 Nature paper on VDAC and there was no
doubt in my mind that Band I was VDAC. After a few weeks, a small
fraction (perhaps 5–10%) of membranes in one outer membrane
preparation could be seen to contain distinct striated patches. Closer
examination indicated the striations were rows of densely stained
pores, like those in the plant membranes but in ordered patterns. Tak-
ing the negatives to a laser optical diffractometer showed Bragg dif-
fraction, conﬁrming the presence of true 2D crystals on the
membranes. The next step was image processing. We digitized the
membrane images and, using a technique called Fourier lattice ﬁltra-
tion (implemented in SPIDER to study cytochrome oxidase mem-
brane crystals), were able to separately visualize the two
overlapped 2D membrane crystals in each collapsed outer membrane
vesicle [25]. The ﬁrst image processed in this way is shown in Fig. 2. It
is exciting to see something in nature for the ﬁrst time, and the dis-
covery of the mitochondrial outer membrane pore crystals was no ex-
ception. Depending on the behavior of the crystals and our skills, we
knew a door was opening through which we could obtain detailed
structural information about the protein responsible for the perme-
ability properties of the mitochondrial outer membrane in its native
membrane environment.
Before proceeding through that door, however, we needed to es-
tablish conclusively that the 2D crystals were, in fact, composed of
VDAC. The critical experiment was a collaboration with Marco Colom-
bini, employing a polyclonal rabbit antibody that we raised and could
show, by a sensitive in-gel radio-immune assay, speciﬁcally labeled
the ~30-kD outer-membrane protein. This antibody both inhibited
VDAC insertion into planar bilayers in Colombini's lab and bound se-
lectively to the crystalline arrays in outer mitochondrial membrane
fractions as visualized in EM by labeling with immuno-gold bound
to secondary antibodies [9]. This experiment completed the circle,
conﬁrming the hypothesis dating back 10 years that the pores ob-
served by EM were, in fact, formed by the “Band I” protein, which in
fact was VDAC.
In the ensuing 15 years, we learned a great deal about the struc-
ture of VDAC from EM studies of the N. crassamembrane crystals, pre-
pared in negative stains and later in native, frozen-hydrated state.
These studies were made possible by a stroke of inductive reasoning,
or perhaps simple luck. In trying to understand the variable occur-
rence of 2D crystals in our outer membrane preparations, we found
that micromolar Ca2+ moderately improved the crystal yield. I
recalled that a Ca2+-activated phospholipase A2 was resident on the
outer membrane of liver mitochondria and reasoned that turning on
this enzyme might facilitate membrane protein crystallization by
slowly depleting membrane lipids. So we incubated freshly isolated
outer membranes overnight with bee venom phospholipase A2
under continuous dialysis and, on the very ﬁrst try, achieved a 2D
crystal yield of over 50%. This ﬁnding was published in Science [26]
Fig. 2. Visualization by electron microscopy of VDAC pores in the mitochondrial outer
membrane. Left: First electron micrograph (recorded in January, 1980) of 2D crystalline
arrays of pores in an outer membrane (~400 nm across) from N. crassa mitochondria.
The specimen was negatively stained with phosphotungstate. Boxes were drawn on
the print to guide digitization on a scanning microdensitometer. Upper right: Optical
diffraction pattern indicating the presence of two 2D crystal lattices in the center of
the collapsed membrane vesicle. (The bright “X” is an optical artifact from the square
mask used to delineate the region on the negative illuminated by the laser beam.)
Lower right: Density contour map showing the rows of unit cells, each containing six
pores, in one of the two overlapped 2D crystals in the membrane vesicle, as revealed
by Fourier lattice ﬁltration of the digitized image. This subﬁeld is ~40 nm across.
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quality of several types of membrane protein crystals, including bac-
terial porins. Unfortunately, our own goal of an atomic-resolution
structure for VDAC in the mitochondrial outer membrane eluded us.
The 2D VDAC crystals proved to be too small for electron diffraction
and, worse, displayed complex lattice polymorphism that prevented
merging of the large 3D cryo-EM data sets needed to approach atomic
resolution. But the information about VDAC provided by our EM stud-
ies with these crystals, despite their ﬂaws, established the basic struc-
tural parameters of this important pore-forming protein in its native
membrane.
4. Recent history and future prospects
This retrospective article passes over a tremendous amount of re-
search into the function and structure of VDAC conducted in the labs
of the authors and elsewhere from the mid-1980s to the present. The
intent is not to slight these achievements. Rather this article was writ-
ten to give the reader a sense of the role played by laboratory envi-
ronment, personalities, and serendipity in the discovery of VDAC
and thus the molecular basis for the unusual permeability properties
of a membrane. Another consideration in our choice of timeframe is
that the basic achievements covered are not controversial — at least
to our knowledge. As research into the structure and function of
VDAC has become more sophisticated and complex, it has become
more interesting in several ways, one of them being the differences
of opinion and controversies that have arisen on numerous issues.
Since even the authors have disparate thoughts on a few issues, end-
ing the story in the mid-1980s made its writing simpler.
Following the discovery of VDAC there was a long phase during
which VDAC research was performed by only a very small number
of investigators. This changed as the perceived role of the outer mem-
brane expanded and the diverse properties of VDAC were revealed.
The current realization that drives the ﬁeld is that VDAC is at the
nexus of the complex interplay between the mitochondrion, an or-
ganelle with eubacterial roots, and the eukaryotic cells within which
it has co-evolved for 1.5 billion years.
VDAC research in the 21st century is a cauldron, bubbling with
challenges and opportunities, and stirred by major lingeringunresolved questions and ongoing controversies. Some of the chal-
lenges include deﬁning VDAC's role in regulating mitochondrial me-
tabolism and energy transduction, its role in apoptosis, and the
functions of isoforms and post-translational modiﬁcations, including
those unrelated to channel-forming ability. For instance, we are at a
loss to explain the phenotypes of mice missing individual VDAC iso-
forms. Some of the unresolved questions are the role of VDAC's highly
conserved voltage gating properties, the native (i.e., mitochondrial
membrane) structures of VDAC, the regulation of VDAC, and the
VDAC interactome. Among the many controversies, some are tending
toward resolution. For example, the preponderance of evidence
against VDAC's location in the plasma membrane, role in the mito-
chondrial permeability transition, and direct role in cytochrome c ef-
ﬂux during apoptosis has proven convincing to most followers of the
VDAC story. While disappointing to some, these negative conclusions
only marginally decrease the number of roles still attributed to this
small protein. The reality is that, despite the tremendous progress
that has been made on several fronts, the VDAC ﬁeld has barely
begun to be explored. We are at the end of the beginning of a story
in which there are certain to be many more exciting discoveries and
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